The flicker thresholds of luminous bars were measured as a function of the spatial and/or temporal separation of two flickering stimuli. Each of the bars had an intensity profile of one-half cycle of a sinusoidal wave subtending 2.26 × 0.45 arc deg and each bar was presented twice at two positions with a duration of 10 msec. The spatial separation was defined as the distance between the adjacent flanks of two flickering stimuli, while the temporal separation was determined as the time-lag between the offset of the first flickering stimulus and the onset of the second. We found that the thresholds increased asymptotically with the spatial separation in such a way as to suggest that the spatial extent over which inhibitory interaction could be effective was as large as about 2 arc deg. We also found that the threshold gradually decreased with greater temporal separation; this indicated that the temporal proximity of successive stimuli effects less suppression on the temporal response. These two effects were seemingly additive. These findings suggest that the visual system involves not only local spatial interaction, but also a global mechanism capable of spreading inhibition over several local units after a delay of several msec.
INTRODUCTION
It is well known that visual temporal characteristics vary with the spatial factors of stimuli: size, location on the retina, spatial frequency, with or without a surround, etc. For example, Kelly (1969) found that sensitivity was suppressed when he measured the flicker sensitivity of a spot-light with a surround edge, and he explained the results in terms of a "cross-connection mechanism" model in which each channel with a receptive field laterally inhibits its adjacent channel. This finding, however, was limited to a case of temporal sensitivity with a single spot-light, in which the test stimulus was spatially fixed and only temporally modulated.
When a stimulus is spatially displaced with a temporal delay, i.e. when a target moves, the spatiotemporal configuration of the stimulus affects both the range of integration for hyperacuity (Westheimer & McKee, 1977) and the spatiotemporal interpolation (Fahle & Poggio, 1981; Morgan & Watt, 1983) . It has also been found that the duration of visual integration and persist-*To whom all correspondence should be addressed at: Department of Behavioral Science, Hokkaido University, N.10, W.7, Kita-ku, Sapporo 060, Japan [Email kojima@hubs.hokudai.ac.jp] . tDepartment of Psychology, The University of the Air, 2-11 Wakaba, Mihama-ku, Chiba 261, Japan.
ence are influenced by the spatial as well as the temporal factors (Breitmeyer, 1984; Kojima & Aiba, 1995) . The most relevant instance is when the visual response to a target persists longer as the spatial distance between successive stimuli becomes larger (Farrell, 1984; DiLollo & Hogben, 1985; Farrell, Pavel & Sperling, 1990) . Such phenomena might occur because the response properties of the interactive mechanism of the visual system change in accordance with the stimulus spatiotemporal configuration. Yet the characteristics of the spatial and the temporal interaction, especially as they affect temporal responses, have scarcely ever been investigated systematically; e.g. how far and in what way do visual responses from locally presented stimuli inhibit and/or facilitate each other? We therefore set out to investigate the spatial and the temporal extent of interaction upon a duration characteristic of visual temporal response. We chose flicker detection as a criterion for investigating visual temporal response properties because the flicker criterion is much easier to manage than such tasks as the measurement of visible persistence. Georgeson and Georgeson (1985) have written that "once the flicker threshold was exceeded, the decision that a 'clear blank' was perceived was essentially arbitrary" (p. 1732), and hence it is not reliable. They also indicated that the threshold inter-stimulus interval between two stimulus flashes is shorter with a flicker task than with a blank criterion task. On the other hand, the duration of the persistence which was estimated with some other tasks, as for example, reporting "a distinct clear blank" (Bowling & Lovegrove, 1980) , might consequently be longer than that achieved in our experiment. If we assume that both a temporal flicker threshold and a duration of visible persistence are a function of the same visual temporal response, but that only the criteria of the tasks are different, we are justified in predicting the duration of visible persistence from the temporal response function obtained by a flicker measurement.
Utilizing the experimental paradigm mentioned above, we have systematically measured flicker thresholds as a function of the spatial separation as well as the temporal separation between successive stimuli, over a wider range of spatial separation than any previous studies have attempted. In the Discussion we shall consider the spatial as well as the temporal range of inhibitory interaction, and then discuss the manner in which this interaction may be realized. 
METHOD

Apparatus and stimuli
The stimuli consisted of four flashes of a luminous bar displayed on a cathode-ray oscilloscope (Iwatsu SS-6200A). According to the data provided by the manufacturer, the oscilloscope has a phosphor which has a rise time of 1.75 nsec. We independently measured its rise and decay times with a Spectra Pritchard Photometer Model 1980A-PL, whose output was monitored by another oscilloscope (Iwatsu SS-6123). The output of the CRO reached above 87.5% of the peak level within 1 msec of the onset, and decayed to its 12.5% level within 2 msec and to below the 2.5% level about 10 msec later.
The CRO was under the control of a computer (NEC PC9801VX) in conjunction with a digital-to-analog converter (CONTEC DA12-4). The computer determined the position and the intensity of the stimulus bar. A function generator (Iwatsu SG-4111) was connected to the CRO, giving a constant vertical length to its bar.
Each of the four flashing bars subtended vertically 2.26 arc deg and horizontally 0.45 arc deg in the visual angle, and their flash duration was set at 10 msec each. The intensity profile of the bar had horizontally one-half cycle of a sinusoidal wave from 0 to 180 deg in the phase angle. The maximum intensity at the phase angle of 90deg was 0.552cd/m 2, while its minimum was 0.0017 cd/m 2, which was also the intensity of the background. Thus, the Michelson contrast of the bar at peak was 0.99. Each of the four stimulus flashes was spatially and/or temporally displaced with respect to each other (Fig. 1) . The bars were flashed twice at each of the two positions, except for the condition when the bars flashed at exactly the same position, as we shall describe below. Hereafter, the time interval between the two flashes at one position will be referred to as the inter-stimulus interval (ISI), while the time interval between the end of the second flash at one position and the onset of the first flash at the other position (i.e. the third flash from the beginning) will be called "temporal separation"; the spatial interval between the two positions will be called "spatial separation". The conditions of temporal separation were either 0, 10, 50 or 100 msec and the conditions of spatial separation were either 0, 0.22, 0.45, 0.89, 2.26 or 4.44 arc deg. The 0 msec of the temporal separation was the condition where, in effect, there was no time interval between the second flash and the third. The 0 deg of spatial separation means that the four stimulus bars were flashed at exactly the same location. The 0.22deg refers to the condition when the latter two flashes overlapped in space with the half of the former two flashes, while the 0.45 deg refers to the condition when the latter two were spatially adjacent to the former two flashes.
Procedure
Sitting in a darkened room, the subject looked from a distance of 57 cm at the center of the display where the stimuli were presented between two dim red reference lights which were vertically aligned with the area of the stimuli. The subject viewed the stimuli binocularly with natural pupils, using a chin rest. The pressing of a hand-held button initiated a session in which parameters of the temporal as well as the spatial separation were randomly chosen and tested. Each stimulus presentation was preceded by a warning tone. When the ISI was short, for example 1 msec, it was impossible to perceive the interval between the stimuli in one position because of the visible persistence. As the ISI grew considerably longer, it became easier to see the interval. By means of a set of four buttons, the subject adjusted the ISI to the critical point where he could just begin to perceive the We can regard the variation of the threshold ISis as reflecting the strength and the limit of spatial inhibitory interaction, which will be discussed below.
On the other hand, the stimuli given with longer temporal separation apparently persisted for a shorter time within the same spatial condition. The same results shown in Fig. 2 are replotted in Fig. 3 as a function of the temporal separation. The results indicate that the visual response of spatially adjacent stimuli with temporal delays are relatively more suppressed when the stimuli are closer in space, but rather facilitated when they are closer in time. 
Subjects
The author (HK) and another subject (YK) served in the experiment, both of whom have normal vision and are experienced in psychophysical experiments.
RESULTS
The threshold ISis were plotted as a function of the spatial separation of the stimuli in Fig. 2 . They range from about 50 to 150 msec and are seen to be increasing functions of the spatial separation. The shapes of the increasing functions of ~he ISis, however, are seen to be asymptotic or exponential as a whole, reaching a ceiling
DISCUSSION
The present result can be taken to indicate three facts. Firstly, the suppression of visual response, which we infer to be the outcome of lateral inhibition, is spatially extended up to about 2 arc deg. Secondly, the strength of the inhibitory interaction is an increasing function of temporal separation between successive stimuli up to 100 msec. Thirdly, the spatial effect and the temporal effect emerge independently of each other and the both seem to be an additive function. We shall discuss these three points below.
The spatial effect found in our test agrees in part with previous experiments which have demonstrated that the inhibitory effect on visible persistence is a linearly increasing function of the spatial distance (Dixon & Hammond, 1972; Farrell, 1984; DiLollo & Hogben, 1985 , 1987 Farrell et al., 1990) . The present finding, however, suggests that inhibitory interactions with a visual response within local receptive fields are not monotonous but grow increasingly stronger as the minimum of spatial separation is approached, and as the interaction extends up to about 2 arc deg of spatial separation between the stimuli. As for the range of inhibitory interaction, Farrell et al. (1990) measured the spatial separation of successive stimuli optimal for affecting the duration of persistence, and found it to be approx. 0.24 deg (their Expt 4). Castet, Lorenceau and Bonnet (1993) have reported that the range of stimulus spatial separation in which stimulus luminance influenced visible persistence most effectively was between 0.15 and 0.20 deg at relatively low levels of luminance (less than about 12cd/m2). At the same time, van der Wildt and Vrolijk (1981) and Vrolijk and van der Wildt (1985) have studied the visibility of spatially extended stimuli. In their first study, stimuli consisting of pairs of point flashes were presented at an incremental threshold luminance, and the inhibitory effects were observed up to at least 19.3 arc min. In their second study, they found that the inhibitory effects propagated within 33.4 arc min with the stimuli at a suprathreshold luminance. Such a range of interactive fields measured by psychophysical methods are consistent with certain relevant morphological reports on the size of peripheral receptive fields; these relate to the dendrite field of retinal ganglion cells which subtend less than 0.2 deg for M cells and as much as 0.05 deg for P cells within 5 deg eccentricity of monkeys' retina (e.g. Perry & Cowey, 1981) . The results of the present study, on the other hand, indicate that the suppression of visual response may be spatially further extended to encompass an area larger than the receptive field of a single cell or over the range that Farrell et al. (1990) and other authors have found. Our result that the effective range of response suppression was relatively broad might be due to the stimulus size used in the present experiment. We used stimulus bars of 0.45 deg in width and 2.25 deg in vertical length; these are about 10 times longer than the vertical line subtending 0.235 deg used in one previous study (Farrell et al., 1990) and much larger than the "punctate" stimuli used in another (DiLollo & Hogben, 1985) . It is well known that larger stimuli effectively activate a unit with a larger receptive field. It can therefore be considered that our study which used a relatively large stimulus size, as well as those of masking studies (see below) have both employed a unit which had a large receptive field and hence a large interactive field, with the result that the inhibitory effect spreads over a wider range.
The spatial extent of inhibitory interaction observed in the present study is similar to the results obtained in certain metacontrast studies, in which the reduction of apparent brightness or contrast was reported to have occurred up to 2arcdeg (Alpern, 1953; Growney, Weisstein & Cox, 1977) and, in some cases, as much as up to 4 arc deg (Weisstein, Harris, Berbaum, Tangney & Williams, 1977) . We do not yet have a clear idea of the underlying mechanism nor do we know of any physiological substrata that have such a large receptive (and/or interactive) field as 2 arc deg. The effect of temporal separation is another factor that influences inhibitory functions, as the metacontrast studies also demonstrate, where the masking amplitude for brightness contrast was obtained as a function of the stimulus onset asynchrony (SOA) of a mask and a test, when a curve that ranged from SOA 0 to about 200 msec showed the "U shaped" (type B) masking function (Alpern, 1953; Growney et al., 1977; Breitmeyer, 1984) . We similarly obtained an increasing function of suppression on the visual response up to 100 msec when temporal separation was extended. This finding means that the visual response is not independent of, but varies with the temporal relation between successive stimuli.
Furthermore, the present result indicates that both the spatial and the temporal effects are additive; the inhibitory effect was augmented equally to affect a distant as well as an adjacent response, up to at least 2 arc deg of spatial separation and constantly up to 100 msec with increasing temporal separation. This fact seems to suggest that the inhibition piles up, in time, within the spatial inhibitory mechanisms.
As for the mechanisms for the spatial effects on the visual response suppression, Dixon and Hammond (1972) have suggested the possible participation of lateral inhibition of receptive fields. Moreover, in a metacontrast study, Weisstein et al. (1977) have mentioned that stimuli are represented in visual processing in a spatially distributed manner as well as by a localized encoding. More recently, DiLollo and Hogben (1987) have mentioned that the suppression of visible persistence in smaller spatial separation of the stimuli could be understood as due to the inhibition of the transient on the sustained channels, an idea which had originally been suggested by Breitmeyer and Ganz (1976, 1977) . While these suggestions have generally agreed on the point that a visual response laterally inhibits the response of its adjacent area after some time, there has never been any discussion of the spatial extents in addition to the temporal limits of the interaction.
We, therefore, propose that an interactive mechanism spreads inhibition over a few arc deg across many of cells or units, each of which has an interactive field of its own (a few tens of an arc min in size), on several levels in the visual processing. This assumption could explain comprehensively the inhibitory mechanism which underlies both the present result and those of the metacontrast studies which have shown that an inhibitory area extended over a certain arc deg after a delay of several msec, just as the findings of a 0.2 deg interactive limit. It has recently been demonstrated that a visual system involves local spatial interactions, lateral inhibition and facilitation, between spatial channels (Sagi & Hochstein, 1985; Cannon & Fullenkamp, 1991; Polat & Sagi, 1993 , 1994 . Their results are consistent with our assumption as well as with the notion that a visual system consists of many stages which interact with each other in a complex manner.
Concerning the manner of the inhibitory interaction, van der Wildt and Vrolijk (1981) and Vrolijk and van der Wildt (1985) found that the inhibitory effects were propagated away from the area of excitation at a constant velocity. Namely, the closer the temporally as well as the spatially separated stimuli grow, the more interactive they are likely to be, and the stronger the suppression they will effect. Figure 3 , however, offers nothing to support the theory of constant velocity of inhibition proposed by van der Wildt and Vrolijk (1981) and Vrolijk and van der Wildt (1985) ; rather, responses in both adjacent places and distant ones were suppressed after a constant temporal delay. The manner in which the inhibition influences visual responses within a local (small) area, i.e. inhibitory propagation, may be different from the way in which the effect of inhibition extends to a wider area, such as was shown in the present result and in the metacontrast studies.
In summary, the present experiment has revealed that the visual temporal response tapped by flicker detection may be influenced by the temporal as well as the spatial separation of the stimuli. The manner of spatiotemporal interaction suggests that the inhibition extends over several units of the interactive networks. On what level and in what way the interaction occurs remain to be clarified by further experimentation.
